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Summary  of  Research: 


1 .  We  have  studied  extensively  the  two-spin  decoherence  problem,  including  both 
two-spin  relaxation  and  two-spin  dephasing. 

We  have  calculated  two-spin  relaxation  rates  in  GaAs  double  dots  due  to  hyperfine  interaction  and  phonon  emission.  In 
particular,  we  have  considered  the  (11)  regime,  where  the  two  electrons  are  separated,  and  exchange  splitting  is  small.  This  is 
the  operating  regime  for  the  singlet-triplet  qubits  that  are  based  on  the  S-TO  states,  which  are  separated  from  the  polarized 
triplets  T+  and  T-  by  a  finite  Zeeman  splitting.  We  have  studied  the  relaxation  of  the  singlet  to  the  polarized  triplet  state,  and 
found  that  the  relaxation  is  dominated  by  the  piezoelectric  electron-phonon  interaction,  and  the  relaxation  rate  is  inversely 
proportional  to  the  applied  magnetic  field  ,  which  is  quite  different  from  single  spins  in  single-dot.  At  B  ~  0.1  T  the  relaxation 
rate  is  about  10  ps,  consistent  with  experimental  observations.  We  have  also  studied  the  two-spin  relaxation  in  the 
spin-blockade  regime,  or  the  (02)  regime  (but  not  too  deep  into  it).  We  paid  particular  attention  to  processes  that  can  break  the 
spin  blockade,  and  explored  the  two  main  state  crossings  in  the  (02)  regime.  This  work  is  now  being  written  up. 

We  have  also  calculated  two-electron-spin  relaxation  in  phosphorus  dimers  in  Si.  When  the  two  31 P  nuclear  spins  anti-align, 
the  two-electron  singlet  and  triplet  states  are  mixed,  allowing  relaxation  through  phonon  emission.  We  have  explored  the 
regime  of  large  exchange  splitting,  which  is  the  operating  regime  for  the  Kane  or  Vrijen  architecture  of  spin  QC  in  Si.  We  find 
that  the  relaxation  rate  is  proportional  to  J^'n,  where  the  exponent  n  is  between  1  and  3,  and  modified  by  Coulomb  interaction. 
Similar  to  the  exchange  splitting  J,  depends  sensitively  on  the  position  of  the  31 P  nuclei.  For  example,  when  two  31 P  nuclei 
are  between  8  and  12  nm  apart  along  the  [001]  direction,  can  vary  by  three  orders  of  magnitude,  from  1/s  to  1/ms.  This  work  is 
published  in  Physical  Review  B. 

We  have  studied  the  effect  of  spin-orbit  interaction  in  a  single  and  double  dot.  Specially,  we  derived  a  generalized  form  of  the 
Electric  Dipole  Spin  Resonance  (EDSR)  Hamiltonian  for  a  single  spin  in  an  elliptic  quantum  dot  (QD)  subject  to  an  arbitrary  (in 
both  direction  and  magnitude)  applied  magnetic  field.  We  predict  a  nonlinear  behavior  of  the  Rabi  frequency  as  a  function  of  the 
magnetic  field  for  sufficiently  large  Zeeman  energies,  which  can  alternatively  be  interpreted  as  the  magnetic  field  dependence 
of  the  g-factor  of  the  confined  electron.  Similarly,  we  also  explored  an  EDSR  scheme  for  two  spins  confined  in  a  double 
quantum  dot  (DQD),  where  coherent  Rabi  oscillations  between  the  singlet  and  triplet  states  are  induced  by  jittering  the  inter-dot 
distance  at  the  resonance  frequency.  The  resulting  two-electron  EDSR  can  be  employed  to  implement  swap  gates  between  two 
localized  spins.  Finally,  we  study  different  spin  relaxation  channels  of  the  two  electrons  due  to  the  phonon 
emission,  for  both  in-plane  and  perpendicular  magnetic  fields.  Our  results  have  immediate  applications  to  current  EDSR 
experiments  on  nanowire  QDs,  g-factor  optimization  of  confined  electrons,  and  spin  decay  measurements  in  DQD  spin-orbit 
qubits.  This  work  is  published  in  Physical  Review  B. 

We  have  calculated  decoherence  of  two-electron  spin  states  induced  by  hyperfine  interaction  with  nuclear  spins  in  a  double 
quantum  dot  with  a  finite  exchange  splitting.  In  particular,  we  derived  an  effective  pure  dephasing  Hamiltonian,  which  is  valid 
when  the  hyperfine-induced  mixing  is  suppressed  due  to  the  relatively  large  J  and  the  external  magnetic  field.  Using  both  a 
quantum  theory  based  on  resummation  of  ring  diagrams  and  semiclassical  methods,  we 

identified  the  dominant  dephasing  processes  in  regimes  defined  by  values  of  the  external  magnetic  field,  the  singlet-triplet 
splitting,  and  inhomogeneity  in  the  total  effective  magnetic  field.  We  addressed  both  free  induction  and  Hahn  echo  decay  of 
superposition  of  singlet  and  unpolarized  triplet  states  (both  cases  are  relevant  for  singlet-triplet  qubits  realized  in  double 
quantum  dots).  We  also  studied  hyperfine-induced  exchange  gate  errors  for  two  single-spin  qubits.  Results  for  lll-V 
semiconductors  as  well  as  silicon-based  quantum  dots 
were  obtained.  This  work  is  published  in  Physical  Review  B. 

We  have  studied  electron-phonon  interaction  induced  decoherence  between  two-electron  singlet  and  triplet  states  ina 
semiconductor  double  quantum  dot  using  a  spin-boson  model.  We  investigated  the  onset  and  time  evolution  of  this  dephasing, 
and  studied  its  dependence  on  quantum  dot  parameters  such  as  dot  size  and  double  dot  separations,  as  well  as  the  host 
materials  (GaAs  and  Si).  At  the  short  time  limit,  electron-phonon  interaction  only  causes  an  incomplete  initial  Gaussian  decay  of 
the  off-diagonal  density  matrix  element  in  the  singlet-triplet  Hilbert  space;  a  complete  long-time  exponential  decay  due  to 
phonon  relaxation  would  eventually  dominate  over  two-spin  decoherence.  We  analyzed  two-spin  decoherence  in  both 
symmetric  and  biased  double  quantum  dots,  identifying  their  difference  in  electron-phonon  coupling  and  the  relevant 
consequences.  This  work  is  published  in  Physical  Review  B. 

In  collaboration  with  Professor  Guy  Ramon  of  Santa  Clara  University,  we  have 
studied  the  effects  of  a  nearby  two-level  charge  fluctuator  on  a  double-dot 

two-spin  singlet-triplet  qubit.  Assuming  no  direct  tunneling  between  the  charge  fluctuator  and  the  qubit  quantum  dots,  the 
Coulomb  couplings  between  the  qubit  and  the  fluctuator  are  calculated  up  to  quadrupole-quadrupole  order  in  a  multipole 
expansion.  Our  results  show  that  the  charge  environment  can  severely  impact  the  performance  of  spin  qubits,  and  indicate 
working  points  at  which  this  decoherence  channel  is  minimized.  Our  analysis  also  suggests  that  an  ancillary  double-dot  can 


potentially  help  provide  regimes  for  reliable  single-qubit  operations  and  idle  positions.  This  work  is  published  in  Physical 
Review  B. 


2.  We  have  started  exploring  issues  in  on-chip  or  longer-distance  communication 

for  spin  qubits.  In  particular,  we  have  studied  spin  relaxation  in  a  moving  quantum  dot,  and  explored  the  coupling  strength 
between  a  spin  qubit  and  a  microwave  cavity. 

In  one  project  we  have  studied  decoherence  of  an  electron  spin  qubit  that  is  being  transported  in  a  moving  quantum  dot.  We 
focused  on  spin  decoherence  due  to  spin-orbit  interaction  and  a  random  electric  potential.  We  found  that  at  the  lowest  order, 
the  motion  induces  longitudinal  spin  relaxation,  with  a  rate  linear  in  the  dot  velocity.  Our  calculated  spin  relaxation  time  ranges 
from  sub  microseconds  in  GaAs  to  above  milliseconds  in  Si,  making  this  relaxation  a  significant  decoherence  channel.  Our 
results  also  give  clear  indications  on  how  to  reduce  the  decoherence  effect  of  electron  motion.  This  work  is  published  in 
Physical  Review  B. 

We  have  also  studied  transporting  spin  information  by  converting  it  to  photons.  In  particular,  we  studied  a  spin-photon  coupling 
scheme  using  a  single  electron  spin  confined  in  a  double  quantum  dot  located  in  a  superconducting  stripline  cavity.  With  an 
external  magnetic  field,  we  show  that  either  a  spin-orbit  interaction  (for  InAs)  or  an  inhomogeneous  magnetic  field  (for  Si  and 
GaAs)  could  produce  a  strong  spin-photon  coupling,  with  a 

coupling  strength  of  the  order  of  1  MHz.  With  an  isotopically  purified  Si  double  dot,  which  has  a  very  long  spin  coherence  time 
for  the  electron,  it  is  possible  to  reach  the  strong-coupling  limit  between  the  spin  and  the  cavity  photon,  as  in  cavity  quantum 
electrodynamics.  The  coupling  strength  and  relaxation  rates  are  calculated  based  on  parameters  of  existing  devices,  making 
this  proposal  experimentally  feasible.  This  work  is  published  in  Physical  Review  B. 

3.  We  have  studied  several  issues  related  to  qubit  design,  control,  and  manipulation.  In  particular,  we  studied  quantum  state 
transfer  in  a  triple  quantum  dot,  designed  a  three-spin  double  dot  hybrid  qubit  and  a  valley  state  based  charge  qubit,  and 
explored  how  valley  splitting  in  Si  can  be  modified  by  surface  roughness  or  applied  electric  field. 

In  one  of  the  projects,  we  have  explored  the  non-adiabatic  implementation  of  a  quantum  teleportation  protocol,  finding  that 
perfect  fidelity  can  be  achieved  through  resonance.  We  clarify  the  physical  mechanisms  of  the  teleportation  by  mapping  its 
dynamics  onto  two  parallel  and  mutually  coherent  adiabatic  passage  channels.  By  transforming  into  the  adiabatic  frame,  we 
explain  the  resonance  through  an  analogy  with  the  magnetic  resonance  of  a  spin-1  particle.  Our  results  establish  a  fast  and 
robust  method  for  transferring  quantum  states,  and  suggest  a  possible  route  toward  precise  and  robust  quantum  gates.  This 
work  is  published  in  Physical  Review  A. 

In  collaboration  with  the  Wisconsin  group  led  by  Mark  Eriksson  and  Sue  Coppersmith,  but  particularly  with  John  Gamble,  Mark 
Friesen,  and  Sue  Coppersmith,  we  have  studied  a  new  hybrid  qubit  encoding  design  that  involves  three  electrons  in  a  double 
dot.  This  qubit  design  can  be  completely  controlled  electrically,  similar  to  the  three-spin  in  three  dot  design  originally  proposed 
by  DiVincenzo  and  colleagues.  We  have  investigated  dephasing  of  this  qubit  induced  by  electron-phonon  coupling  and  by 
charge  noise  for  pure  orbital  excitations  in  GaAs  and  Si,  as  well  as  for  pure  valley  excitations  in  Si.  In  GaAs,  polar  optical 
phonons  give  rise  to  the  most  important  contribution,  leading  to  a  typical  dephasing  rate  of  6  GHz.  For  Si,  intervalley  optical 
phonons  lead  to  a  typical  dephasing  rate  of  100  kHz  for  orbital  excitations  and  1  MHz  for  valley  excitations.  For  harmonic, 
disorder-free  quantum  dots,  charge  noise  is  highly  suppressed  for  both  orbital  and  valley  excitations.  However,  both 
anharmonicity  and  disorder  break  the  symmetry  of  the  system,  which  can  lead  to  increased  dipole  moments  and  therefore 
faster  dephasing  rates.  These  works  are  published  in  Physical  Review  Letters  and  in  Physical  Review  B. 

In  collaboration  with  Dr.  Dimi  Culcer  and  Professor  Sankar  Das  Sarma  of  University  of  Maryland,  we  have  devised  a  platform 
for  noise-resistant  quantum  computing  using  the  valley  degree  of  freedom  of  Si  quantum  dots.  The  qubit  is  encoded  in  two 
polarized  (1,1)  spin-triplet  states  with  different  valley  compositions  in  a  double  quantum  dot,  with  a  Zeeman  field  enabling 
unambiguous  initialization.  A  top  gate  gives  a  difference  in  the  valley  splitting  between 

the  dots,  allowing  controllable  interdot  tunneling  between  opposite  valley  eigenstates,  which  enables  one-qubit  rotations.  Two 
qubit  operations  rely  on  a  stripline  resonator,  and  readout  on  charge  sensing.  Sensitivity  to  charge  and  spin  fluctuations  is 
determined  by  intervalley  processes  and  is  greatly  reduced  as  compared  to  conventional  charge  qubits.  In  essence,  this  is  a 
charge  qubit  scheme  that  is  insensitive  to  charge  noise.  This  work  is  published  in 
Physical  Review  Letters. 

In  collaboration  with  Dr.  Dimi  Culcer  and  Professor  Sankar  Das  Sarma  of  University  of  Maryland,  we  have  studied  the  effects  of 
interface  roughness  on  valley  orbit  coupling,  valley  splitting,  and  electron  state  mixing.  In  particular,  we  show  that  (i)  variations 
in  the  position  of  the  interface,  which  are  expected  to  occur  on  a  length  scale  comparable  to  the  lattice  constant,  affect  the 
magnitude  of  the  valley-orbit  coupling;  (ii)  variations  in  the  size  of  the  potential  step  at  the  interface  also  affect  the  magnitude  of 
the  valley-orbit  coupling,  and  induce  transitions  between  different  valley  eigenstates;  and  (ill)  if  the  random  positions  of  the 
interface  is  correlated  over  distances  on  the  order  of  a  quantum  dot,  which  is  unlikely  but  possible,  the  phase  of  the  valley-orbit 


coupling  could  be  different  in  adjacent  dots.  This  work  is  published  in  Physical  Review  B. 


In  collaboration  with  Professor  B.  Koiller  and  her  student  Dr  A.  Saraiva,  Dr.  M.J.  Calderon  of  University  of  Madrid,  and 
Professor  S.  Das  Sarma  of  University  of  Maryland,  we  have  studied  the  effect  of  an  applied  electric  field  on  the  valley  splitting  of 
a  single  confined  electron  at  a  Si-Si02  interface  using  an  effective  mass  approach.  We  found  that  large  valley  splitting  in  the 
order  of  10  meV  is  possible  in  principle  for  a  smooth  interface.  This  work  is  published  in  Physical  Review  B. 
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